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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
The crack propagation behavior was studied at 298K (RT), 343K, 373K, and 403K with center-notched specimens which were 
cut from an injection-molded plates of short carbon-fiber reinforced PPS at two fiber angles relative to the loading direction, i.e.
θ = 0° (MD) and 90° (TD). Macroscopic crack propagation path was nearly perpendicular to the loading axis for both MD and 
TD. Microscopically, cracks in MD were blocked by fibers, circumvented fibers, and rarely broke fibers, showing zigzag path. 
For TD, the crack path was less tortuous following the fiber interface. The relation between crack propagation rate, da/dN, and 
stress intensity factor range, ∆K, at RT and 373K were similar for both MD and TD, while da/dN at temperatures above glass 
transition temperatu e, Tg (=360K), were two to three orders higher than tha  at temperatures below Tg. When compared at each 
temperature, da/dN was two orders lower in MD than in TD. At temperatur s above Tg, in lastic d formation took place; the 
relation between load and displacement became nonlinear, accompanied by hysteresis loop expansion. When da/dN was 
correlated to the J-integral range, ∆J, da/dN at four temperatures came closer for each case of MD and TD. Especially for the
case of TD, the relations at four temperatures merge together. When compared at each temperature, da/dN of MD was lower than 
that of TD, even though the difference between MD and TD was smaller. According to SEM observation of fatigue fracture
surfaces, many fibers were pulled out from the matrix on fatigue fracture surface of the skin layer of MD, and parallel fibers were 
observed  on the fracture surface of TD. High temperature environment increased matrix deformation both in MD and TD, but 
did not change the fracture path or the micromechanism of fatigue crack propagation.
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1. Introduction
Short-fiber reinforced plastics (SFRP) are expected to be used more widely in order to reduce the weight of 
vehicles such as automobiles. The injection molding process makes the production of SFRP components more 
economical and at higher rates. Their applications in fatigue-sensitive components are steadily increasing in 
automobile industries. The propagation behavior of fatigue cracks is highly anisotropic, depending on the fiber 
orientation produced by injection molding. The crack propagation rate perpendicular to aligned fibers is much 
slower than that parallel to fibers when compared at the same stress intensity range. Energy release rate (Wyzgoski 
and Novak, 1990) and crack-tip opening parameter (Akiniwa et al., 1992, Tanaka et al., 2014, 2015) have been 
proposed as a controlling parameter for crack propagation. To apply SFRP to engine components, the influence of 
high temperature environment on fatigue properties need to be explored. 
In the present paper, the effect of high temperature on the fatigue crack propagation behavior was studied with 
center cracked specimens of PPS (polyphenylene sulfide) reinforced with carbon fibers by 30wt%. Specimens were 
cut from injection-molded plates of 1mm in thickness at three angles of the loading axis relative to the molding flow 
direction, i.e. θ=0°(MD) and 90°(TD). The glass transition temperature, Tg, of SFRP was 360K. The crack 
propagation behavior was investigated at four temperatures of 298K (RT), 343K, 373K and 403K. The crack 
propagation rate is correlated to the stress intensity range and the J-integral range. The J-integral range was used to 
take into account of inelastic deformation at high temperatures.
2. Experimental procedure
2.1. Material and specimen
The experimental material is thermoplastics, PPS, reinforced with carbon fibers. Fatigue specimens were cut 
from an injection-molded plate (IMP) with the in-plane dimensions of 80×80 mm and the thickness of 1 mm. Figure 
1 shows the shape of test specimens which has a center notch of length 6 mm. The regions of length 15 mm at both 
ends were used for chucking to the testing machines through aluminium tabs. The angle between the molding 
direction and the longitudinal direction of specimens was set to be two values: θ = 0° (MD) and 90° (TD).  IMP has
a three-layer structure where two shell layers sandwich the core layer. The thickness of the core layer of the present 
plates was about 0.16 mm, which is 15% of the plate thickness (Tanaka et al., 2014). The crack propagation
behavior will be controlled by the shell layer. The fiber direction on the shell layer of injection-molded plates is 
nearly along the molding flow direction, and that of the core layer is perpendicular. The angle θ means the angle 
between the fiber direction in the shell layer and the loading axis.    
2.2. Fatigue crack propagation tests
Fatigue crack propagation tests were performed with a tension-compression electro-servo-hydraulic testing 
machine.  Fatigue testing was done in air at four temperatures, RT, 343K, 373K and 403K, under load-controlled 
conditions with the stress ratio R of 0.1.  The waveform of the cyclic load was triangular and the frequency was 4 Hz. 
Table 1 indicates the maximum stress adapted for fatigue tests, where the stress is calculated for the cross section of 
the specimen without notch. Tests were conducted in an environment chamber whose temperature was controlled by 
circulating air and the fluctuation of the environment temperature was maintained less than 0.5 K. The load-point 
displacement during fatigue tests was measured by an extensometer, and the relation between load and load-point 
displacement was recorded by a digital data recorder.
Fig. 1. Center notched plate for fatigue tests.
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The crack length was measured with a video microscope at the magnification of 100 through glass windows of the 
chamber. The crack length projected on the plane perpendicular to the loading axis was measured. The half length of 
the sum of notch and crack lengths is denoted by a. 
2.3. Fracture mechanics parameters
The macroscopic crack path was perpendicular to the loading axis for the cases of θ = 0° (MD) and 90° (TD), so 
cracks propagated macroscopically in mode I as described later. The energy release rate for mode I crack 
propagation was calculated by the modified crack closure integral method (Rybicki andKannienen, 1991) of FEM
using anisotropic elastic constants. Table 2 shows the measured values of anisotropic elastic constants of MD and 
TD at four temperatures, where suffix 1 indicates the molding direction and 2 the perpendicular direction. Since the 
elastic constants depended on the loading rate at temperatures above Tg, they were measured at the same stressing 
speed as in fatigue testing.  Those at temperatures below Tg did not vary with loading rates. 
The energy release rate for collinear crack propagation along the symmetry axis of anisotropy is related to the 
stress intensity factor as follows (Sih and Liebowitz, 1968):
2G HK=                                                                                                                          (1)       
( ) ( )
( )
1 2
12 1 121
1 2 2 1
2 11
2 2 1
E GE
H
E E E E
ν− +
= +
 
 
 
                                                            (2)                                                         
The above equation is for TD, and suffix 1 and 2 are interchanged for MD. The 1/H values for MD and TD are
summarized in Table 2. The stress intensity factor for mode I, K, is expressed as 
( )K a F a Wσ π= ⋅                                                                                                   (3)                                                                                                                                                        
where σ is the applied gross stress, a is the crack length, W is the plate width, and F(a/W) is a correction factor for 
the stress intensity factor.
    The correction factor of the above equation was determined from the energy release rate calculated by FEM based 
on anisotropic elasticity.  We found very interesting result that the correction factor calculated as above agreed very 
well to that derived using isotropic elasticity and the difference was less than 0.5%.  On the basis of this finding, the 
following Tada’s equation for isotropic plate is used for the correction factor for anisotropic cases (Tada et al., 2000). 
( ) ( ) ( ){ } ( )2 41 0.025 0.06 sec 2F a W a W a W a Wπ= − +                  (4)
Table 1. Maximum stress σmax (MPa) adopted in fatigue tests.
Table 2. Elastic constants of SFRP at temperatures adapted in fatigue tests.
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The range of stress intensity factor, ∆K, is calculated using Eqs. (3) and (4), as follows:
( )max minK K K a F a Wσ π∆ = − = ∆ ⋅                          (5)
where Kmax  and Kmin are the maximum and minimum stress intensity factors.  The range of energy release rate is
defined  by 
( )2G H K∆ = ∆ (6)
At temperatures above Tg, inelastic deformation takes place; the relation between load and displacement becomes
nonlinear showing the expansion hysteresis loop. The J-integral range is used as a fracture mechanics parameter.   
The J -integral range is estimated from the relation between load and displacement by (Dowling, 1976)
( )
SJ G
B W a
∆ = ∆ +
−
                                                                                                                               (7)
where S is the half of the area of hysteresis loop.  The first term indicates the elastic energy release rate and the 
second term is the contribution of inelastic deformation. At temperatures below Tg, ∆J =∆G, because no inelastic 
deformation is involved. 
3. Experimental results and discussion
3.1. Crack propagation path
Optical micrographs of cracks are shown in Fig. 2, where (a) (b) are for MD at RT and 403K, (c), (d) are for TD. 
The crack path in MD is microscopically zigzag shaped. The tortuosity is increased at high temperature and also the
Fig. 2. Fatigue crack in MD and TD specimen tested at RT and 403K.
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width of dark crack line becomes larger. Still, cracks propagate macroscopically straight perpendicular to the 
loading direction (the up-and-down direction). The crack is fairly straight in TD and propagates also perpendicular 
to the loading direction. At 403K, the crack line become thicker, indicating larger amount of crack opening and 
surface roughening. 
More detailed SEM observation of interaction between cracks and fibers was done with different specimens after 
interrupting fatigue tests before unstable fracture. Figure 3 shows examples of cracks interacting with fibers of MD 
and TD taken at RT and 403K. The crack propagation direction is from left to right. A crack in MD is blocked by 
fibers and circumvents fibers, and rarely breaks fibers, showing zigzag path. For TD, the crack path is less tortuous 
mostly following the fiber interface and matrix. Detached small cracks can be seen along interfaces of fibers.  At 
403K, the matrix deformation and crack opening are larger both in MD and TD, corresponding to thicker crack lines 
in optical micrographs shown in Fig. 2.  
The features of the crack path at 343K were similar to those at RT, because 343K is below Tg.  At temperatures 
of  373K and 403K, both  above Tg, the features of cracks were resembled. 
3.2. Relation between crack propagation rate and stress intensity factor 
Cracks formed from notches initially propagated fast and then decelerated. After taking the minimum rate around 
0.5mm from the notch root, cracks accelerated monotonically until final fracture. The initial rate-dipping behavior
was pronounced at higher temperatures. Similar initial rate-dipping behavior was observed for glass fiber reinforced 
polypropylene by Karger-Kocsis et al. (1991) and Pegoretti and Ricco (2000). This behavior may be caused by the 
transition of three-dimensional crack shape to stable one under the influence of notches. In the following, we focus 
on the stable stage of crack propagation after 0.5mm extension.
Fig. 4. Relation between crack propagation rate and stress intensity range of MD and TD specimens.
Fig. 3. SEM micrographs of fatigue crack in MD and TD specimens tested at RT and 403K.
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Figure 4 shows the relation between the crack propagation rate, da/dN, and the range of stress intensity factor, 
∆K, for (a) MD and (b) TD at four temperatures.  For both MD and TD, the relations at RT and 373K are similar, 
while da/dN becomes higher with increasing temperatures above Tg. At 403 K, the rate is two to three orders higher 
than that at RT.  The relation between da/dN and ∆K can be approximated by the following Paris law:
( )mda dN C K∆=                                                                                                                   (8)
The exponent, m, of Paris law is from 8 to 13 and is typical for brittle FRP.  In Fig. 5, the relation between da/dN
and ∆K of MD and TD is shown for  (a) RT and (b) 403K. At both temperatures, da/dN of MD is about two-order 
lower than that of TD.
3.3. Relation between crack propagation rate and J integral 
At temperatures above Tg, inelastic deformation took place and the relation between load and displacement 
became nonlinear showing the expansion hysteresis loop． Examples of loops taken from MD and TD are shown in 
Fig.6. The loop tended to shift toward right and to expand with crack propagation.  The J-integral range, ∆J, was 
evaluated from loops using Eq. (7). The fraction of the inelastic component to the total ∆J was higher at higher 
temperature, and was slightly larger for TD than to MD at each temperature.  At RT and 373 K below Tg, ∆J =∆G, 
because there was no inelastic deformation involved.  
In Fig. 7, da/dN is correlated to the range of energy release rate, ∆J, for (a) MD and (b) TD. The relation can be 
expressed as 
( )mda dN C J ′′= ∆                          (9)
Fig. 5. Relation between crack propagation rate and stress intensity range at RT and 403K.
Fig. 6. Load-displacement curve of MD, TD specimens at 403K.
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where m’ is about half of m. The data at four temperatures come closer for each case of MD and TD. Especially for 
TD, the relation at each temperature merges together. Figure 8 shows da/dN vs ∆J at RT and 403K. The da/dN value 
of MD is lower than that of TD especially at RT, even though the difference between MD and TD is smaller. 
Since the temperature effect is minimized in the relation of da/dN vs ∆J, ∆J is regarded as a proper parameter to
represent a crack-driving force to include the contribution of inelastic deformation. The resistance of materials 
against crack growth determines the da/dN vs ∆J relation. Fibers perpendicular to the crack direction block crack 
growth in MD and the crack deflects to follow the interface of fibers, enhancing the resistance to crack propagation. 
Fibers parallel to crack direction assist crack growth in TD, reducing the resistance. The difference between MD and 
TD is decreased at higher temperatures because larger matrix deformation reduces difference in the tortuosity of 
crack path. .
3.4. SEM observation of fracture surfaces 
Fatigue fracture surfaces of broken specimens were observed by SEM. Figure 9 shows the fatigue fracture surface 
of the shell layer of MD and TD fatigued at RT and 403K. Many fibers pulled out from the matrix can be seen. The 
fracture surface of the matrix is rather flat, while it is rough due to large deformation accompanying fracture. For the 
case of TD, parallel fibers are seen on the sufaces, showing the interfacial fracture paths. The deformation of the 
matrix seen on the fracture surface is larger at 304K. High temperature environment increases matrix deformation 
both in MD and TD, but does not change the fracture path and the micromechanism of fatigue crack propagation.
Fig. 7. Relation between crack propagation rate and J-integral range of MD and TD specimens.
Fig. 8. Relation between crack propagation rate and J-integral range at RT and 403K.
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4. Conclusion
The crack propagation behavior was studied at RT, 343K, 373K, and 403K with center-notched specimens which 
were cut from an injection-molded short fiber reinforced plastic plate at two fiber angles relative to the loading 
direction, i.e. θ = 0° (MD) and 90° (TD). The obtained results are summarized as follows:
(1) Macroscopic crack propagation path was nearly perpendicular to the loading axis for both MD and TD. 
Microscopically, cracks in MD were blocked by fibers and circumvented fibers, and rarely broke fibers, 
showing zigzag path. For TD, the crack path was less tortuous following fiber interfaces. 
(2) The relations between crack propagation rate, da/dN, and stress intensity factor range, ∆K, at RT and 373K 
were similar for both MD and TD, while da/dN increased much with increasing temperatures above glass 
transition temperature, Tg, by two to three orders. At each temperature, da/dN of MD was about two orders
lower than that of TD.
(3) At temperatures above Tg, inelastic deformation took place; the relation between load and displacement became 
nonlinear, accompanied by hysteresis loop expansion. When da/dN is correlated to the J-integral range, ∆J, the 
relation at each temperature came closer for each case of MD and TD. Especially for the case of TD, the 
relations at different temperatures merged together. At each temperature, da/dN of MD was lower than that of 
TD, even though the difference between MD and TD was smaller. 
(4) Many fibers pulled out from the matrix were seen on fatigue fracture surface of the skin layer of MD and 
parallel fibers were observed on the fracture surface of TD. High temperature environment increased matrix
deformation both in MD and TD, but did not change the fracture path or the micromechanism of fatigue crack 
propagation.
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